INTRODUCTION
There are currently two principal techniques in common use for the direct visualization of virus structure, and these are X-ray diffraction analysis and electron microscopy (EM). X-ray diffraction from single crystals is extraordinary in the resolution of structural detail that it can reveal, approaching the atomic level. In many cases intimate details of the capsid architecture, as well as, in some cases, the protein-nucleic acid interactions, become clear with X-ray crystallography. It is unsurpassed in this regard, and it is unlikely ever to be challenged. It will remain the technique of choice, whenever it can be applied.
X-RAY DIFFRACTION AND ELECTRON MICROSCOPY
X-ray diffraction as applied to viruses does, however, have some limitations. First, it requires that the virus be crystallized. This is possible only for viruses having very regular shapes and uniform exterior surfaces, i.e., icosahedral viruses or, conceivably, some virus-like particles (VLP) produced in recombinant systems or reconstructed in vitro. Thus, most complex viruses, incorporating membranes or exhibiting structurally complicated external features such as tail assemblies or fibers, are excluded from X-ray analysis. In addition, viruses beyond a certain size limit, probably about 1,000 Å in diameter, exceed our current technologies for recording X-ray data from very large unit cells. Finally, interior components of viruses, especially encapsidated nucleic acid, generally do not share the external symmetry of the particles. Therefore, they are not usually seen in electron density maps. Those components are orientationally randomized in the crystallization process. X-ray diffraction is an "averaging method" that does not reveal the characteristics of individual particles. It assumes that all particles are exactly the same, or it makes them so.
In addition to allowing determination of the structures of intact, symmetrical viruses, X-ray diffraction can be useful in another way. It can also be used to determine, very precisely, the structures of individual proteins, and sometimes complexes of proteins, that make up viral substructures. These can then be fitted to lower-resolution models of the particles obtained by other means (electron microscopy, for example), and a "pseudo"-high-resolution structure of a virus can be created (45, 46) . This has proven successful in a number of cases. X-ray diffraction analysis is a powerful approach, and can be made even more powerful when it is combined with information from other sources, as it has been with electron microscopy and potentially can be with atomic force microscopy (AFM).
Electron microscopy (EM) has been applied to the analysis of virus structure along two principal lines. Transmission EM of viruses spread on substrates, such as carbon-coated grids (13, 14) , or of virus-infected cells after thin sectioning is one method. Reconstruction of particles obtained by acquisition of many low-dose images from cryo-electron microscopy (cryo-EM) is the other. While the former once predominated, in more recent times cryo-EM has certainly proven to be the more powerful for elucidating virus architecture (4) and has been shown to be capable of revealing detail at resolutions in the range of 3.5 to 4 Å. In some cases it has even permitted the tracing of a polypeptide chain.
Transmission EM is, however, problematic because it generally requires heavy metal staining or shadowing to increase contrast. It usually requires complete dehydration, and it often involves fixatives as well. Finally, it produces projections of entire particles onto the substrate plane. Elimination of one dimension obscures spatial relationships among substructures, results in loss of chirality, creates artifacts, and produces images that are frequently open to multiple interpretations. In the past decade, cryo-electron microscopy has been made increasingly powerful by automation in image collection and cataloging and by elaborate mathematical techniques for analyzing the low-dose images and reconstructing viruses from collections of particles observed in multiple orientations. The major advantage of cryo-EM over X-ray diffraction, of course, is that it does not require that the virus be crystallized.
Cryo-EM (1), however, also has limitations. Like X-ray diffraction, it is useful chiefly for analyzing regular viruses having icosahedral symmetry. It produces the "average" structure for the entire virus population and does not illuminate eccentricities of individuals. More advanced applications of cryo-EM (7) can deal with particles lacking any symmetry (ribosomes, for example), but even here the assumption is that all of the particles are identical. It is ineffective when the viruses are pleiomorphic and lack architectural uniformity. Cryo-EM is also likely to be technically limited in its application to very large viruses, even icosahedral viruses such as iridoviruses, because of the physical thickness of the particles and the difficulty of simply penetrating their bulk. Just as the power of X-ray diffraction has been amplified by its combination with cryo-EM, the converse is equally true. It is important to recognize, however, that even when combined, the pictures these techniques yield, for the same reasons as for X-ray crystallography alone, can still often be incomplete, particularly regarding the interior structural features of the viruses, and both can produce only static images of an averaged structure.
A third, direct imaging technology that promises to have a significant impact on structural biology and which is, in most ways, complementary to X-ray diffraction and electron microscopy is atomic force microscopy (AFM). An immediate advantage of AFM is that it is based on relatively simple physical principles, unlike X-ray crystallography, and AFM instruments are mechanically and electronically rather straightforward, unlike those used for electron microscopy. Unlike both of the other technologies, AFM is fairly inexpensive to institute and apply, even to biological specimens. The microscope itself is a small device, which is about the size of a common household coffee pot.
HOW DOES AFM WORK?
Atomic force microscopy was invented in the mid-1980s (5). The instrument is one of a family of scanning probe microscopes that had such a significant impact on imaging and surface science that the original incarnation, the scanning tunneling microscope, won Binnig a share of the 1996 Nobel Prize in 
FIG. 2.
Schematic illustration of the convolution of the shape of the AFM tip with the shape of the feature or particle being scanned. The side of the cantilever tip contacts the object and begins to produce a deflection of the cantilever before the tip apex actually reaches the object. Similarly, the opposite side of the tip is still in contact with the object even after the apex itself has passed. Thus, the total deflection implies a virtual lateral dimension for the object that is greater than its actual dimension. The difference between the virtual and actual dimensions is a function of the width of the cantilever tip. The sharper the tip, the more accurate the observed dimensions and the greater the resolution attainable.
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Physics. For several years AFM was used almost exclusively to characterize the surfaces of nonbiological materials, and even now its chief applications are in the visualization of microcircuits on silicon chips and in nanotechnology. Its principle is remarkably simple, surprisingly so given its acuity, but is made useful only by sophisticated electronic image processing and particularly piezoelectric technology. Its application to biological materials and systems has been rather slow to develop (2, 6) . This is curious because it can be used in physiological fluids as well as air, and its noninvasive and nonintrusive features make it an ideal tool for the study of sensitive, living systems. The chief difficulty with its use on biological materials is that they tend to be very soft. AFM is at its best on hard surfaces. An AFM device and the principles by which it operates are shown schematically in Fig. 1a . AFM instruments can be operated in either contact mode or what is referred to as tapping mode. In contact mode, a probe made of silicon or silicon nitride is placed in near contact with the surface of interest, say the capsid of a virus, and then translated in a systematic raster mode over the surface (or substrate). The AFM probe is a sharp stylus, like those pictured in Fig. 1b , similar in function to a minute phonograph needle. The tip ideally has a single point, with a very small radius of curvature. The probe is mounted at the end of a short cantilever, typically 100 to 250 m in length, which has a low spring constant to minimize the force between the tip and the sample.
Scanning is achieved by translating the sample beneath the probe, using a piezoelectric crystal-positioned x-y stage, along a continuous sequence of raster lines. As the probe tip passes over the surface, it does not actually touch the structural feature on the surface in a physical sense but interacts through "aggregate atomic forces," which remain somewhat mysterious. Encounters with substructures cause the probe to be displaced vertically as the tip rides across. Exceedingly small displacements of the tip are amplified by deflection of a laser beam that is reflected from the upper surface of the cantilever, and these deflections are detected and tracked by a split photodiode. Photoelectric circuitry converts the deflections into height information. The resulting scan data, recorded as a digital topographical image, can then be presented in a number of visual formats.
In contact mode of operation, the data may be acquired as either "height" or "deflection" information, or the data from both modes may be obtained simultaneously. In "height" mode the sample surface is maintained at a constant distance from the probe tip by the piezoelectric positioner below, through a feedback mechanism. The cantilever deflection in this case is very small. In "deflection" mode the sample is stationary and actual cantilever deflection data are collected. Microfabricated cantilevers exert a force on the substrate surface of about 10
Ϫ9
to 10 Ϫ12 N/m, and, as might be anticipated, the resolution of the technique depends on the degree of force employed. Up to a point, the greater the force between probe and surface, the more sensitive the probe is to surface variations. On the other hand, the greater the force, the more the probe may perturb the surface.
Sample perturbation and other problems arising from unfavorable probe-surface interactions have been obviated to a great extent by the development of "tapping" mode instruments (12) . With the tapping mode, the probe tip is not in continuous contact with the sample surface but rapidly oscillates up and down as it is scanned over the surface, essentially "tapping" its way and gently sensing the heights of obstacles it encounters. In tapping mode, the vertical position of the sample is continually adjusted by a feedback mechanism to maintain the amplitude of the freely oscillating probe constant. Image acquisition times range from 0.5 to 4 min, with shorter scan times usually associated with greater tip-specimen interaction.
The tapping mode minimizes contact between the probe tip and the sample surface and greatly reduces lateral forces. An even more sensitive means of scanning in tapping mode is called phase modulation scanning. Here, phase changes are introduced into the tip oscillations due not only to height differences but also to changes in the nature of the aggregate atomic interactions, caused in turn by variations in the physical or chemical properties of the sample surface. This approach has been shown to be useful for imaging very thin and delicate materials such as biological membranes (43) .
The "tapping mode" approach has been a significant boon in biological investigations, as it has allowed the characterization of samples that would otherwise be too soft or too fragile to withstand contact mode examination. Operating with the tapping mode in a liquid environment presents some complications due to fluid dynamics, but these are not severe. A constraint that sometimes presents obstacles during analysis in a liquid medium is that the specimen under study must be fixed to or made to adhere firmly to the substrate surface of the fluid cell, which may be glass, cleaved mica, plastic, or any other hard material. To achieve this, it may be necessary to treat the substrate with various reagents, such as poly-L-lysine, to induce adhesion of samples. If this condition is not met, then the specimen can move due to interaction with the probe, and no useful information is gathered.
A particular feature of AFM must be borne in mind whenever images are interpreted. The one-or two-dimensional trace obtained for any object or surface substructure is the convolution of the tip shape with that of the feature being scanned. This is illustrated in Fig. 2 . An image of an object scanned with a broad, dull tip is not the same as that acquired with a sharper tip. In particular, while the height of the object will be the same regardless of the tip shape (because the maximum vertical deflection of the cantilever tip would be the same), the lateral dimensions will not. The broader tip yields a broader object, and the sharper tip produces a more accurate size. Because in general, the tip shape being utilized at the time is not known, the image cannot be easily deconvoluted to provide the true dimensions. Hence, height information is almost always trustworthy, but lateral measurements are suspect. The reliability of lateral measurements can, however, be increased if some standard having defined spatial features is first scanned and its known spacings or cell dimensions compared with those in the image. Such standards may be etched grids on silicon or the surfaces of protein crystals (28) .
The areas of scanning fields may range from 20 nm 2 to 150 m 2 , with vertical resolutions on biological samples of a fraction of a nanometer. Thus, this method provides precise topographical detail over a size range that eludes most other techniques. Lateral resolution varies depending on the prominence of features and the deformability of the specimen. For small isolated samples on mica, such as macromolecular assemblies and single virus particles, the resolution is most limited by the sharpness and structure of the tip. Commercially available tips have radii of curvature in the 5-to 20-nm range and provide resolution at fractions of those dimensions. For regular arrays of identical molecules and very small height differences, lateral resolution of a few nanometers can be achieved by imaging with small tip asperities. AFM application extends over the range of individual macromolecules, which are accessible by X-ray crystallography, to macromolecular assemblies amenable to electron microscopy, to living cells, which can just be seen using light microscopy.
On large soft samples, such as living animal cells (25) , lateral resolution may be more limited by the motion and deformation of the cell surface in response to tip pressure than by tip structure or sharpness. Because visualization can be carried out in a fluid environment, specimens may suffer no dehydration as is generally the case with electron microscopy, and they require no staining. Indeed, specimens can be observed over long periods, as long as they stay relatively unchanged and immobilized during a single frame interval. For the most part, even living cells seem oblivious to the presence of the probe tip (25) .
Specimens, however, are not always best visualized under strict physiological conditions, particularly when high resolution is desired. Because cantilever tip pressure, even in "tapping mode," may produce deformation (for example, of a cell membrane), in some cases fixation is the better option. As with light microscopy histological procedures, this usually relies on glutaraldehyde, paraformaldehyde, or osmium tetroxide fixation, followed by dehydration and imaging in water-alcohol mixtures or in air. These methods have been developed by microscopists for more than a century to preserve the natural morphology of a sample but still allow high-resolution imaging. The methods remain applicable with AFM. While not as ideal as in situ observation, as the cells of course are no longer alive or viruses infective, fine details of their structures can be visualized that would otherwise be obscured by membrane flexion.
Atomic force microscopy (AFM) has both virtues and limitations, but as already noted, they tend to be complementary to those of X-ray diffraction and cryo-EM. The resolution of AFM, in the best of cases, is roughly that of current cryo-EM models (4), and like EM techniques, it does not require that the virus be crystallized. It is applied to individual particles and does not yield an average structure over an entire population. It does not require that the virus have a symmetrical or uniform architecture or even that all particles be the same in structure. Thus, it is equally applicable to small icosahedral viruses such as tomato bushy stunt virus, to helical viruses such as tobacco mosaic virus, and to completely irregular, complex viruses like vaccinia virus or the retroviruses. There is no size restriction. It has been used to analyze small plant viruses such as turnip yellow mosaic virus (TYMV) (26) and satellite tobacco mosaic virus (20) , massive icosahedral viruses such as the algal virus Paramecium bursaria Chlorella virus 1 (PBCV-1) (21), and mimivirus (30, 48) , the largest virus known.
We must note at the outset that there are other applications of AFM to the study of viruses in addition to their visualization, to which we have restricted the scope of this review. In particular, AFM has been utilized to measure mechanical and material properties of particles (11, 15, 41) , and these of course often have structural implications. This field has recently been the subject of an excellent review (3), which is recommended as a complement to the one presented here.
VISUALIZATION OF VIRUSES BY AFM
Viruses were first visualized by AFM in their crystalline form, rather than as single isolated particles, in an investigation of the growth of orthorhombic crystals of satellite tobacco mosaic virus (35) . Because they were immobilized on the surfaces of crystals, conditions were suitable for direct imaging of even these small, 17-nm-diameter virions. Larger icosahedral plant viruses in crystalline form were studied subsequently (24, 34, 37) . The first AFM studies of noncrystalline viruses were of retroviruses on cell surfaces (19, 29) , again principally because they were immobilized by their association with cell surfaces. Single particles of larger viruses, and helical viruses, were eventually visualized by AFM, and these included tobacco mosaic virus, cauliflower mosaic virus, Tipula iridescent virus (24), herpes simplex virus (44), vaccinia virus (17, 36) , and the largest virus of all, mimivirus (30, 48) . Although virus crystals were investigated using both the contact and tapping modes, noncrystalline specimens were imaged exclusively with the tapping mode, both in air and in buffer.
Because AFM images the surfaces of specimens, it might be thought that AFM would be of little use in visualizing the interior features of viruses or cells. This, however, is not the case. As has been shown in AFM investigations of a number of viruses, it is, in fact, an invaluable tool for deducing the interior architecture of virions, regardless of their external form or size. This is because it is possible to systematically strip away layers of structure by chemical, physical, and enzymatic means (16) and to accompany this process of dissection by AFM visualization. Using the same strategy as used by conventional anatomists, it has proven possible to disassemble viral specimens, see what is inside, and ascertain how the components are linked.
A valuable qualitative result that emerges almost immediately from AFM images is what the virus looks like, its overall architecture, and how similar particles are to one another. Are they uniformly the same in appearance, or are they present in a variety of forms? Thus, even a cursory investigation may quickly reveal certain general features that allow rapid classification. This is illustrated by the various structural classes of viruses shown in Fig. 3 and 4 . The virions may be spherical, cylindrical, or filamentous. They may have symmetrically arranged capsomeres or other surface units, fibers, protruding vertices, prolate or icosahedral shapes, unusual morphologies, pleiomorphic character, etc. Tail assemblies may be observed directly, as on phages, for example. AFM is therefore a useful tool for simply deducing the kind of virus with which one is dealing, whether more than one kind of virus is present in a population, and the general level of contamination that may accompany the virus as a consequence (cellular material, degraded virions, and macromolecular impurities of all sorts). 
QUANTITATIVE PROPERTIES OF VIRUSES
A fundamental parameter for virus particles is their diameter if they are spherical viruses or their diameter and length if they are helical. AFM can provide measures of these in both the hydrated and dried states, which also gives an estimate of the degree of shrinkage they undergo as a result of dehydration. Because of the finite tip size and tip-to-tip variation in radius of curvature, it is risky to measure linear dimensions directly by AFM. This was discussed above. It is, however, safe to measure the heights of objects above the substrate plane and the distances between the points of maximum elevation (e.g., capsomere to capsomere) on particles or center-to-center distances (e.g., particles in a crystal or in a cluster). This last approach can be applied to noncrystalline or paracrystalline arrays of viruses, including helical, rod-shaped, and spherical viruses.
As has been emphasized already, for spherical and cylindrically symmetric particles, measurements of particle heights above the substrate plane yield accurate values for their diameters, and individual measurements are usually accompanied by rather modest error, generally on the order of 5% or less. By repeating measurements for a number of particles in the field and using different scan directions (which is facile for AFM), good statistics can be obtained and histograms of size distributions compiled. Precision of a few angstroms is possible. Histograms of particle sizes are often informative. If the distribution is a simple Gaussian one, then it can be presumed that particles of only one general morphology or icosahedra of only one triangulation number are present but that their diameters vary to some degree about the mean, perhaps due to the physiological state or degree of maturation. In Fig. 5a and b is an example where this approach was quite successful for Moloney murine leukemia virus (MuLV) (18, 23) . If, on the other hand, a more complex distribution is observed, such as one having multiple peaks and shoulders, then particles of separate classes may be present. From such a histogram analysis (Fig. 5d) , it was deduced that Ty3 retrotransposon particles seen in Fig. 5c existed as icosahedra having triangulation numbers 3, 4, and 7 (23, 31) .
Even if crystals cannot be grown, if the virions can simply be closely packed so that there are few spaces between them, then center-to-center distances may be quite adequate. If the virions, be they spherical or helical, can be crystallized, then the high degree of periodicity makes crystals ideal specimens for measuring particle size. The image of a regular array may be Fourier transformed, filtered free of non-Bragg intensities, and transformed again to yield a clearer image of the specimen (39, 40) . The initial transform, in addition, provides accurate values for interparticle distances and hence diameters. An example of this for an ideal case of a protein crystal, that of fungal lipase, is shown in Fig. 6 .
The surfaces of virus particles vary topographically as a function of their composition and architectures. Some examples illustrating this point are shown in Fig. 7 for six different kinds of viruses. Plant viruses, for example, generally exhibit protein capsids with few embellishments, and this is true of many animal viruses and bacteriophage capsids as well. These are generally based on icosahedral architectures, and clusters of coat protein subunits, or capsomeres, are symmetrically distributed (13; D. L. D. Caspar and A. Klug, presented at the Cold Spring Harbor Symposium on Quantitative Biology, 1962). More complex animal viruses, on the other hand, though they may contain an icosahedral capsid in their interior, often have either a lipid membrane over their surface, a covering of protein clusters (the Soc and Hoc proteins of T4 bacteriophage), or even a fur-like coating of fibers (mimivirus). These various surfaces are identifiable by AFM, and with the aid of some histological procedures, such as osmium tetroxide fixation or protease treatment, can be delineated with a considerable degree of precision.
ICOSAHEDRAL CAPSIDS
Icosahedral capsids, or bullet-shaped or elongated capsids based on that symmetry, can be characterized in terms of the structure of the fundamental capsid protein(s), along with the icosahedral triangulation number, T (Caspar and Klug, presented at the Cold Spring Harbor Symposium on Quantitative Biology, 1962). The triangulation number T can take on only integral values and only according to a defined scheme for subdividing the surface of a sphere (9) . It essentially describes the polygonal distribution of pentameric and hexameric protein clusters on the surfaces of virus particles. This will vary from small numbers like T ϭ 1 for satellite viruses or the T ϭ 1 reassembly particles of brome mosaic virus (33) seen in Fig.  8a and b to T ϭ 3 and higher for more conventional, small icosahedral viruses such as poliovirus or turnip yellow mosaic virus, which is presented in Fig. 8c , to very large numbers for complex viruses such as the iridoviruses (Fig. 3d) , algal viruses ( Fig. 7f) like PBCV-1 (T ϭ 169), and mimivirus (Fig. 7c) . In many cases the exterior shell of a virus may not be icosahedral, but it might possess an inner capsid that is. For example, though membrane covered and with a pleiomorphic external shape, herpes simplex virus possesses a nucleic acidcontaining capsid of icosahedral form T ϭ 16. Mimivirus (Fig.  7c ) exhibits a complex outer surface coated with a forest of fibers, but it too contains an icosahedral core with a triangulation number of between T ϭ 324 and 381 (48) . The T number, then, contains a good part of the information needed to describe an icosahedral capsid.
The triangulation numbers of icosahedral viruses can frequently be deduced from AFM images. Examples were seen in Fig. 7 and 8 , but even more strikingly in the case of Ty3 retrotransposons, a protoretrovirus, as illustrated by Fig. 9 . It was found for Ty3 (31) that virions existed in three different sizes and three different architectures corresponding to T numbers 7 (the largest fraction of the population), 4, and 3 (the smallest component). AFM images of the surface capsomere distribution could be triangulated visually, as in Fig. 9 , by defining the arrangement of hexamers with respect to pentamers. A particularly good description of this approach is given by Rayment (44) , where it is illustrated for surface lattices of T ϭ 1, 3, 4, and 7, the four lattices with the lowest T number. The T number was thus defined. Of particular interest were the T ϭ 7 particles, which could conceivably exist in either of two enantiomorphs, d and l. Because height information is preserved in AFM images, so is handedness. Thus, it was possible in the case of the T ϭ 7 Ty3 virions to determine that their actual T number was 7d.
A somewhat different approach must be taken with very large icosahedral capsids, like those in Fig. 7c and f, which include mimivirus and PBCV-1. This is achieved by determining the two indices h and k, which define the triangulation number (T ϭ h 2 ϩ hk ϩ k 2 ), by following a row of hexagonal capsomeres from one pentagonal vertex to the next icosahedral edge and simply counting the number of capsomeres along one edge h and the other k (the h and k coordinates of the intersection point on the icosahedral edge) needed to traverse (8; Caspar and Klug, presented at the Cold Spring Harbor Symposium on Quantitative Biology, 1962; Viperdb.scripps.edu). Precisely this method was used to determine the T numbers of the iridovirus PBCV-1 (49) and the capsid architecture of mimivirus (48) .
While the T number describes the overall distribution of capsomeres on the surface of an icosahedral capsid, a more complete description of a virus structure would require the distribution of protein units in the individual capsomeres, and ultimately the coordinates of the atoms comprising the virus coat proteins, to be defined. The last can be obtained only by X-ray crystallography, but the distribution of subunits within capsomeres can sometimes be determined or deduced by AFM analysis. Some examples are shown in Fig. 10 . In the case of Mason-Pfizer monkey virus (M-PMV) in Fig.  10a , for example, virus-like particles (VLP) of its truncated Gag protein were reassembled in vitro and imaged at high magnification by AFM. From the images, individual protein subunits were visible, and this allowed discrimination of two possible models for the capsomeres (28) . A similar analysis was used in the case of the large algal virus PBCV-1 (21), which is shown in Fig. 10d . Knowing the diameters of capsomeres is often of considerable importance, even when individual subunits cannot be resolved. In mimivirus (Fig. 10c) , for example, the capsomere diameter provided a crucial clue in delineating the capsid architecture and permitting subsequent detailed analysis and reconstruction by cryo-EM (30, 48) . Although capsids of native HIV have yet to be visualized by AFM, images of helical tubes of capsid protein reassembled in vitro have been recorded (28) , and one is shown in Fig. 11a . In these tubes a hexagonal arrangement of coat proteins could be clearly seen, and this provided support for a capsid model based on modified icosahedral architecture (10).
The helical tubes reassembled from HIV Gag protein should remind us that though we have emphasized spherical particles to this point, helical, rod-shaped, and fibrous structures having a periodic substructure are also ideal specimens for AFM analysis. These frequently appear in investigations of intact viruses and even in studies of spherical viruses when their interiors are explored. Figure 12 provides a few examples where fibrous and helical objects have been encountered in investigations of viruses and visualized by AFM. As with other virus particles and structures, accurate quantitative measures can be obtained by AFM. The lengths (if not indeterminately long), the diameter of the cylindrical cross section, and the periodicity of substructures are accessible. Qualitative features such as persistence length, flexibility, and tensile strength may also be evident from AFM images.
VIRUSES IN CRUDE SAMPLES AND ON CELLS
With AFM, it is not essential that highly purified virus particles be used as samples (24) , although that might be ideal. MuLV is accompanied by a background of protein molecules in Fig. 13a , for example, but is nonetheless distinct in its features. Because individual particles can be investigated whenever a good specimen is spatially distinct from the surrounding rubble of proteins, cellular debris, and biological detritus, it may still yield excellent images. If a virus particle rises above the substrate more than any accompanying impurity, its upper surface may provide most of the information that is sought, and what is around it at the level of the substrate plane becomes irrelevant. A problem, however, is that biological debris often adheres to and fouls the AFM tip, and this can severely degrade the quality of images. Contamination of tips is one of the most frustrating and annoying issues with biological AFM.
Viruses on the surfaces of host cells may be visualized as well as free particles and sometimes with superior results because the particles are better immobilized (23) . MuLV emerging from an infected 3T3 cell is clearly delineated in Fig. 13a and b. They may be seen entering cells upon infection or budding from cells after replication and assembly. This often provides valuable insights into which cells in a population are producing virus, the distribution of virus particles on the surface of the cells (e.g., are there preferred sites for budding?), and some details of the budding process itself.
In Fig. 13d , for example, a human lymphocyte in culture is seen virtually coated with HIV budding from its plasma membrane. Investigation of a large population of cells, however, showed that this was an unusual occurrence, in that most cells exhibited only a dozen or fewer HIV particles on their surfaces. Thus, only a few cells seemed to account for the great majority of virus (23) . Algal cells have both a cell membrane and a cell wall that must be breached in order for newly made virions to escape from the cell. PBCV-1 (Fig. 14a) is visualized by AFM to be entangled in fragments of cellular membranes as it tries to exit disintegrating cells. In Fig. 14b , mimivirus is seen attached to fragments of host amoeba plasma membrane, and in Fig. 14c , the membrane coating of a herpesvirus is seen shorn from the capsid. 
MUTANT VIRUSES
Mutant viruses, naturally occurring or produced in the laboratory, can be imaged as well as native virions and VLP created in vitro from capsid proteins. In some cases, the phenotype of the mutant can be revealed by observing infected host cells for unique or anomalous features. This was done, as shown in Fig. 11d , in a study of Moloney murine leukemia virus (MuLV)-infected 3T3 cells, where the mutant gPr80 gag lacked glycosylated Gag protein (19, 32, 42) . Prior evidence suggested that such mutants failed in some stage of viral budding. This was amply confirmed by AFM visualization of infected, virusproducing cells.
As seen in Fig. 11d , instead of normal, spherical virus emerging from the cell surface, bullet-and comet-shaped protrusions were found distributed over all of the plasma membrane of host cells. The comets were viruses that were trying to escape but were unable to terminate association with the host cell. From this it was concluded that the failure of glycosylation produced a defect in late stages of the budding process.
Other mutations in virus genomes may produce alterations in external features of virus particles that are readily observable by AFM. MuLV particles that failed to make envelope protein (gp120 protein), one of which is seen in Fig. 11e , were examined in another study (23) . While normal particles, as were seen in Fig. 4a and 13a and b, are characterized by a coating of protein tufts, about 100 to 150 in number, mutant particles were "bald" virions lacking any such protein clusters. Instead, only an outer lipid membrane was visible. A study of Ty3 retrotransposon having a defective protease gene mutant and reverse transcriptase (RT) mutant Ty3 particles was illuminating in a different way (31) . While wild-type virus appeared as T ϭ 3, 4, and 7 icosahedral particles, the RT and Pr mutants appeared to be exclusively T ϭ 7 particles. This suggested that T ϭ 4 and T ϭ 3 particle forms might represent mature or late-stage virus forms. All T ϭ 7 particles, no matter what their genome, exhibited the same general appearance.
SPECIALIZED FEATURES ON VIRUSES
Some viruses exhibit specialized external structures, or deviations from their general architectures. A collection of these drawn from several different viruses and visualized by AFM are shown in Fig. 15 . For example, the MuLV particles in Fig. 15a generally have, somewhere on their otherwise uniformly crenulated surfaces, a single small bump or brief protrusion. These are likely to be "budding scars" resulting from breaking away from the host cell (18) . Some MuLV particles, perhaps defective, exhibited small sectors on their surfaces where protein was absent and a channel into the interior appeared (19) . Other, more prominent features are the thick fibers on the surfaces of PBCV-1 (22) and the lateral bodies of vaccinia virus, seen in Fig. 15c and f, respectively (17, 36) . PBCV-1, a large algal virus, exhibited a unique pentagonal assembly of proteins (21) at every 5-fold vertex of its icosahedral capsid. This is illustrated in Fig. 16a . The assembly had a single protein in the center that could "push in" and "pull out" as demonstrated by the application of AFM tip pressure. Its exact function is speculative. Many bacteriophages have tail assemblies of one sort or another for packaging and injecting their DNA. Mimivirus is, in a sense, similar to these phages and has an assembly, seen in Fig. 16b , with a presumably similar function at a single unique, 5-fold vertex. This starshaped structure is analogous to the tail assemblies of phages and is, as is evident in those figures, a distinctive feature of the virions. It is a complex structure, presumably composed of many proteins, and AFM reveals much of that complexity.
A point that deserves particular emphasis is that all of the particles within a population of virus are not absolutely identical, and often there are very significant differences in the detailed features of individual particles. The degree of structural diversity is evident in many of the AFM images presented here. This is a point often obscured by the results of X-ray crystallography or cryo-EM reconstructions. Those techniques rely completely on the assumption of structural conformity.
They produce models that represent the average in time and space for the individuals that make up the population. AFM, on the other hand, reveals the eccentricities and unique features of the individuals, and these are instructive. They often define the extremes of what is structurally possible among a large population of viruses having, presumably, the same genome and the same environment for replication and assembly. What is seen with AFM is that anomalous and aberrant individuals are not only present but common.
DISSECTION OF COMPLEX VIRUSES
It might be thought that because AFM provides images of the surfaces of objects and does not peer into their interiors, as do X-ray diffraction and electron microscopy, AFM would be of little value in delineating the interior structure of viruses, i.e., the layers beneath the external surface. This is not true, however, as we can apply the same technique that has been used by anatomists for centuries: dissection. With the aid of chemical, enzymatic, and physical tools, we can systematically pare a complex entity, including a virus, down to its core, layer by layer. At each stage, AFM may then be used to visualize what remains and what has been removed as well.
This approach is particularly effective with large, complex viruses such as vaccinia virus (17, 36) , as illustrated in Fig. 17 , or mimivirus (30, 48) , as illustrated in Fig. 18 . For these complicated assemblies, ordered and disordered protein shells, lipid membranes, and the nucleic acid within can be revealed and analyzed. By deconstruction, the architecture of particles can be revealed, and at the same time, the kinds of biochemical interactions that maintain each level of structure may be delineated as well. Among the most useful agents for chemical dissection have been detergents, usually 0.5 to 2% of some nonionic detergent such as NP-40, and reducing agents such as dithiothreitol (DTT) or dithioerythritol (DTE). The former causes the protein structure to gradually unravel, and detergents strip away the lipid membrane. The latter reduce disulfide bonds and liberate polypeptides otherwise bonded to one another. Disulfide bond reduction appears to be particularly important in large, complex viruses where such covalent linkages cross-link coat proteins and stabilize capsids (36, 47) .
In some cases, nonionic detergents are insufficient to disrupt structure, and more vigorous ionic detergents such as SDS must be used. There is difficulty with SDS, however. It tends to have an all-or-none effect, so that upon reaching a concentration sufficient to disrupt viruses, it completely degrades them uncontrollably.
The most effective enzymatic tools have been proteases that degrade polypeptides. These are particularly useful because they have a range of activities and a spectrum of specificities. As a consequence, a whole variety of proteases have been employed, and these include trypsin, bromelin, proteinase K, subtilisin, and mixtures of pancreatic proteases. Viruses are usually exposed to the proteases for anywhere from 15 min to several hours, or even overnight, at concentrations of from 0.5 mg/ml to as high as 5 mg/ml. The proteases must be washed from the virions with buffer or water before imaging, as they otherwise produce a dense, irregular background that make imaging problematic, and they foul the cantilever tip.
Physical forces have also been used to disrupt viruses, and often fortuitous perturbations, resulting simply from preparation and handling, have proven to be structurally illuminating. Heat, for example, was used to open TYMV (26) to release its encapsidated RNA, and direct physical pressure on mimivirus sandwiched between two layers of atomically smooth, cleaved mica was used as well (30) . Cycles of freezing and thawing have been reported to disrupt viruses in some cases, but to this point, freezing has not proven useful in AFM studies. There are also instances where "hammering" of individual particles with the AFM tip has been utilized, taking advantage of the fact that AFM can serve as a tool as well as an imaging device.
In carrying out the dissection of a virus, or even in simply visualizing particles spread on a glass, plastic, or mica substrate, it is necessary to ensure that the virus particles adhere firmly to the substrate. Failure to do so allows the particles to move in response to close approach of the AFM tip and renders imaging impossible. Occasionally, altering the charge on the substrate is sufficient. Mica is negatively charged on its surface, but exposure to a nickel or magnesium salt such as MgCl 2 coats it with divalent ions and leaves it positively charged. Some viruses or macromolecules, such as nucleic acids, if they are repelled by a negative surface, may then be firmly held by a positive surface or vice versa.
Charge is, however, frequently insufficient for virions where the contact area of the particle is relatively small. To fix most viruses to a substrate, as well as a wide variety of other biological entities and materials, an effective procedure is to coat the substrate with poly-L-lysine before depositing the virus. Presumably salt bridges between the ε amino groups of the lysines and the glutamic and aspartic acid carboxyl groups on the particles lock them in place. After such substrate-particle attachment, the substrate can be rinsed with water several times with acceptable loss of sample. The only serious disadvantage of coating with poly-L-lysine is that it produces a rather rough and irregular background. As a consequence, molecular objects, such as lipid membranes or nucleic acids, which rise only about a nanometer or two above the substrate plane, become difficult to identify and visualize. The method is excellent, however, for imaging cells and intact or partially degraded virions. It is occasionally unnecessary to actually treat viruses with any chemical or biochemical agents to explore the interior, as the physical stress of preparation and especially structurally delicate virus purification may result in damaged or partially degraded particles. These may expose internal structural features otherwise not accessible to the cantilever tip. Retroviruses, in particular, are physically fragile. Some MuLVs, as shown in Fig. 19a , when subjected to the shear forces of even low-speed centrifugation lose portions of the shell surrounding the capsid. This permits direct visualization of the virus core still embedded within the layers of envelope and matrix protein (18) .
HIV is another example where even the mildest procedures produce some damaged virions. Although the cores of HIV
have not yet been visualized by AFM, likely due to their fragility, the remainder of the virus without the cores has been (29) . An example can be seen in Fig. 19b . Such partially disrobed particles, both MuLV and HIV, provide specimens that can be subjected to quantitative examination and thereby yield the thicknesses of internal layers of structure, and they give some clues as to their components as well. Good examples of complete dissections of complex viruses using AFM are those of vaccinia virus, a poxvirus of about 300 nm diameter that is delimited by a lipid membrane (17, 36) , and mimivirus (30, 48) . Vaccinia virus contains a doublestranded DNA genome bounded by several protein shells. It also has associated with its inner core two unusual protein assemblies of still-unknown function, known as lateral bodies.
Vaccinia virus was sequentially degraded with 0.5% NP-40 nonionic detergent combined with 0.05 M DTT, followed by exposure to this same mixture but containing either trypsin or proteinase K or to the proteases alone. Four stages in this process are presented in Fig. 17 . In the end, the innermost core was breached and the DNA was exposed. From images of the DNA emerging from the core, it was deduced that while some portion of the encapsidated DNA was heavily integrated with protein, the vast majority was largely naked, with only occasional associations with protein. The giant mimivirus was similarly dissected using essentially the same approach. A sampling of the results is presented in Fig. 18 . Mimivirus, at 750 nm in diameter, was revealed to be a very complex particle with numerous layers of structure.
VISUALIZATION OF VIRAL RNA AND DNA
The nucleic acids of viruses, from a structural standpoint, are of considerable interest, in particular with regard to how they are condensed and packaged inside capsids and cores. Clearly, packaging is accomplished differently by specific families of viruses. It is unlikely, for example, that bacteriophages and poxviruses package their genomic double-stranded DNAs in the same way. The packing densities of the nucleic acid differ by more than 10-fold (17) . Nor is it likely that large, singlestranded-RNA-containing viruses, such as retroviruses, package their genomes the same way as do T ϭ 1 or T ϭ 3 icosahedral plant viruses (38) . Certainly, helical and filamentous viruses use entirely different mechanisms.
AFM investigations have been conducted on RNAs extracted by phenol from a series of small icosahedral viruses and from tobacco mosaic virus, the classical rod-shaped, helical virus (18) . The spherical viruses included poliovirus, satellite tobacco mosaic virus, turnip yellow mosaic virus, and brome mosaic virus. Figure 20a shows the RNA from poliovirus. In this study, the gradual unraveling of the tertiary structure of the RNA, and ultimately the secondary structure as well, could be produced in stages simply by heating. A counterexample was provided by tobacco mosaic virus RNA (Fig. 20b) , which appeared initially as a thread, a completely extended molecule lacking any secondary structure. With time, it began forming local secondary structural elements and eventually condensed into forms similar to those seen for the RNAs from the icosahedral viruses. The upshot of the study was that the single strands of RNA spontaneously condensed as linear arrangements of stem-loop substructures following synthesis, that the condensed RNA bound coat protein to it, and that the two cooperatively coalesced into the completed particle (20) . In those studies, AFM proved itself an able technique for directly visualizing nucleic acid structure, demonstrating its fluidity and suggesting the mechanisms by which it is encapsidated. DNA and RNA have quite different appearances in AFM images, and this can be seen by contrasting the images of RNA in Fig. 20a and b with the images of DNA from various viruses, as well as a bacterial cell, in Fig. 20c to f, which presents both kinds of nucleic acid. DNA looks like strands and coils of stiff rope lacking any higher levels of structure; RNA appears as complicated, linear sequences of self-involved secondary structure. Sometimes, however, the distinction is not entirely clear, and further evidence may be needed to show whether a filament, strand, or complex is DNA or RNA.
A method was devised for additional identification based on exposure of the nucleic acid to high concentrations of bovine RNase A (27) . One example of results from that study is shown in Fig. 21 . Intact RNA in Fig. 21c , as seen in Fig. 21d , was hydrolyzed to small pieces by RNase A and left only fragments on the substrate, presumably corresponding to protected stemloops. DNA, seen in Fig. 21a , on the other hand, became coated with the protein, as shown in Fig. 21b , and the resulting strands exhibited thicknesses two to three times that of naked double-stranded DNA. Thus, it is possible with AFM to practice a kind of crude histology.
IMMUNE LABELING WITH AFM
A second example of histological AFM is the immunolabeling of viruses with antibodies specific for certain proteins. Although individual IgGs are not clearly identifiable by AFM when bound to a virion, IgGs conjugated with gold particles generally are. In a sense, these are used in the same way as they are used in transmission electron microscopy immunolabeling, except that instead of visualizing points of high electron density, one images with AFM objects having the size and shape of the immunogold particles.
Using gold-IgG conjugate particles against the envelope protein, as shown in Fig. 21e and f , it was possible to show that protein tufts on the surfaces of MuLV were indeed envelope protein (gp120) (19, 23) . The major problem to this point with IgG-gold conjugates is that their physical size limits the reso- 
WHAT DOES AFM OFFER THE STRUCTURAL BIOLOGIST?
What can AFM visualize that is of value to structural virology? The answer is almost everything, and at resolutions that approach and in some cases surpass those with electron microscopy. At this time, lipid membranes have been identified, both RNA and DNA have been visualized, and large protein assemblies have been resolved into their component substructures. The capsids of icosahedral viruses and the icosahedral capsids of nonicosahedral viruses have been seen at high resolution, in some cases sufficiently high to deduce the arrangement of coat protein units in the capsomeres, as well as determine the triangulation number T.
In addition, viruses have been recorded budding from infected cells and suffering the consequences of a variety of stresses. Mutant viruses have been examined and phenotypes described. Unusual structural features have appeared, and very importantly, the unexpectedly great amount of structural nonconformity within populations of virus particles has been amply documented.
Virus samples may be imaged in air or in fluids having a range of viscosities, including culture medium or buffer, in situ on living cell surfaces, or after processing by histological procedures. AFM is nonintrusive and nondestructive, unless the intention is otherwise, and it can be applied to soft biological samples, particularly when the tapping mode is employed. In principle, only a single cell or virion need be imaged to learn of its structure, though normally images of as many as is practical are collected. While lateral resolution, limited by the finite size of the AFM cantilever tip, is a few nanometers, the height resolution is exceptional, approximately 0.5 nm. Finally, AFM produces three-dimensional, topographical images that accurately depict the surface features of the object, virus, or cell under study. In most ways, the images resemble common light photographic images and require little interpretation, only understanding.
It has been shown that the structures of viruses observed by AFM are entirely consistent with models derived by X-ray crystallography and cryo-EM. AFM has also been proven effective in visualizing viruses in situ emerging from infected, living cells. Although there are currently no examples, there is certainly no reason why structural information derived from X-ray crystallography and/or electron microscopy cannot be combined with AFM images, just as it has been for those latter two technologies.
New techniques, reagents, and methods that will further enhance the value of AFM to structural biologists are currently under development (3) . Finally, the resolution of the technology and the unique insights into virus structure that it yields will be highly influenced by advances in tip acuity and improvements in instrument design. A great deal has yet to be done in developing sample preparation techniques, methods for chemically modifying cantilever tips, and expanding the use of histological procedures appropriate to AFM.
